Introduction
Vaccination is a well-established, safe and effective method of conferring long-term protection against hepatitis B viral infections, liver cirrhosis and hepatocellular carcinoma (HCC) worldwide. 1 Vaccination has resulted in a substantial decline in the hepatitis B virus (HBV)-related disease burden, prevalence of chronic HBV infections and HBV-related HCC among children and adolescents worldwide. [2] [3] [4] [5] Thailand adopted the policy of hepatitis B immunization in 1988, and universal hepatitis B vaccination of newborns has been integrated into the national expanded program of immunization since 1992. 6 Available vaccines against hepatitis B have been shown to be safe and immunogenic. 7 hepatitis B vaccine has been available worldwide since the mid-1980s. this vaccine was evaluated in a clinical trial in thailand, conducted on subjects born to hepatitis B surface antigen positive and hepatitis B e-antigen positive mothers and vaccinated according to a 4-dose schedule at 0, 1, 2 and 12 mo of age and a single dose of hepatitis B immunoglobulin concomitantly at birth. All enrolled subjects seroconverted and were followed for 20 y to assess the persistence of antibody to the hepatitis B surface antigen (anti-hBs) (NCt00240539). At year 20, 64% of subjects had anti-hBs antibody concentrations ≥ 10 milli-international units per milli liter (mIU/ml) and 92% of subjects had detectable levels (≥ 3.3 mIU/ ml) of anti-hBs antibodies. At year 20, subjects with anti-hBs antibody titer < 100 mIU/ml were offered an additional dose of hepatitis B virus (hBV) vaccine to assess immune memory (NCt00657657). Anamnestic response to the challenge dose was observed in 96.6% of subjects with an 82-fold (13.2 to 1,082.4 mIU/ml) increase in anti-hBs antibody geometric mean concentrations. this study confirms the long-term immunogenicity of the 4-dose regimen of the hBV vaccine eliciting long-term persistence of antibodies and immune memory against hepatitis B for up to at least 20 y after vaccination.
Long-term anti-HBs antibody persistence following infant vaccination against hepatitis B and evaluation of anamnestic response
A 20-year follow-up study in Thailand Mothers positive to hepatitis B surface antigen (HBsAg) and/ or hepatitis B e-antigen (HBeAg) have a risk (70-90%) of chronically infecting their children. [8] [9] [10] Three prospective studies were initiated in Thailand in 1986 to investigate the immunogenicity, reactogenicity and efficacy of a recombinant hepatitis B vaccine in children born to mothers that had different seropositivity status of HBsAg and HBeAg. The results of these trials have been published for several time-points up to year 20 after the first hepatitis B dose. 8, 9, 11 This paper reports the persistence of antibodies against hepatitis B surface antigen (anti-HBs) (NCT00240539) and anamnestic response to a hepatitis B vaccine challenge dose at the 20-y time-point (NCT00657657) in a cohort of subjects who had received a birth dose of hepatitis B immunoglobulin (HBIg) concomitantly with one dose of hepatitis B vaccine, followed by (59.3%) were female and all subjects were of East/South East Asian origin.
Anti-HBs antibody persistence at year 20. At the postprimary time-point (month 13) all subjects had responded to the hepatitis B vaccine (i.e., 100% subjects had antibody titers above 10 mIU/ml). At year 20, 92.0% [95% confidence interval (CI): 74.0-99.0] of the subjects (23/25) had anti-HBs antibody concentration ≥ 3.3 mIU/ml. In addition, 64.0% (95% CI: 42.5-82.0) of subjects had anti-HBs antibodies ≥ 10 mIU/ml ( Table 1) .
Anti-HBs antibody geometric mean concentration (GMC) (calculated on seropositive subjects) was 20.4 mIU/ml (95% CI: 12.1-34.2) ( Table 1 ). The evolution of the anti-HBs antibody GMCs is presented in Figure 1 .
Immune response to the HBV vaccine challenge dose at year 20. Of the 29 subjects included in the ATP cohort of immunogenicity, three subjects had no detectable antibodies (< 3.3 mIU/ml) before the administration of challenge dose. However, one month post-challenge dose, all subjects were found to be seropositive for anti-HBs antibodies. Among these subjects, an anamnestic response was observed in almost all subjects (n = 28/29; 96.6% (95% CI: 82.2-99.9) and 93.1% three additional doses at 1, 2 and 12 mo with no booster dose in the primary study.
Results

Demography.
Of the 76 subjects in the primary study, 36 subjects returned for blood sampling at year 20. Among these, two subjects were boosted at year 5. Of the remaining 34 subjects, 25 subjects (unboosted group) were included in the long-term according-to-protocol (LT-ATP) cohort of immunogenicity and nine subjects were excluded at year 20 for the following reasons: not randomized to correct groups, due to which the study procedures might be different (n = 3); abnormal serology evolution, indicative of natural exposure to HBV (n = 4); and non-compliant with vaccination schedule (n = 2).
For the challenge phase, 29 subjects (from both boosted and unboosted groups) were included in the according-to-protocol (ATP) cohort for immunogenicity (3 subjects from year 18 and 26 subjects from year 19). Seven subjects had anti-HBs antibody concentrations ≥ 100 mIU/ml prior to challenge dose.
At year 20, the mean age of subjects in the LT-ATP cohort for immunogenicity was 19.6 y (standard deviation: 0.49 y); 16 N, number of subjects with available results; S+, seropositivity defined as anti-hBs antibody concentrations ≥1.0 mIU/ml up to year 12 and ≥3.3 mIU/ ml from year 13 onwards; GMC, geometric mean concentrations calculated on seropositive subjects; %, number/percentage of seropositive subjects or subjects with anti-hBs antibody concentrations ≥10 mIU/ml; 95% CI, exact 95% confidence interval; LL, lower limit of 95% confidence interval; UL, upper limit of 95% confidence interval; post-primary, anti-hBs antibody seroprotection rates and GMCs at Month 13, following primary vaccination at months 0, 1, 2 and 12.
anti-HBs antibodies persisted for at least up to 20 y following primary vaccination. Although a previously conducted study in Thailand demonstrated that a 3-dose schedule of HBV vaccine is sufficient to elicit immune memory for long-term protection, a fourth dose will increase the magnitude of immune response, with higher GMCs at year 20. At year 20, 92% of subjects had anti-HBs antibody concentration ≥ 3.3 mIU/ml and 64% of subjects had antibody ≥ 10 mIU/ml with a GMC of 20.4 mIU/ml. The long-term persistence data are in agreement with previous studies conducted in Thailand 8,9,11-14 and elsewhere 15, 16 in children less than 5 y of age. Vaccination-induced HBV immunity persists from infancy for at least 20 y following vaccination. 8, 9, 11 It has been reported that infants vaccinated at birth and followed for approximately 20 y report lower rates of persistence. 16 However, the results of the present study report higher proportion of subjects who are seropositive at year 20, as compared with these previous studies. A recent meta-analysis indicated that the protection offered by hepatitis B vaccines was influenced by the schedule of vaccine administration, vaccine dosage and the characteristics of the population. 17 The main reason for the observed higher seropositivity in this study may be due to the 4-dose schedule. It has been shown previously that 4 doses of HBV vaccine have higher immunogenicity persistence compared with 3 doses of the same vaccine. 8 In addition, the administration of HBIg at birth had no influence on the long-term persistence of antibodies, protecting infants in the first few months of life, when protection from vaccine is not fully established. Indeed, HBIg rapidly declines in the blood stream and does not impact (95% CI: 77.2-99.2) had anti-HBs concentration ≥ 100 mIU/ ml.
Overall, the anti-HBs antibody GMCs increased by 82-fold (13.2 to 1082.4 mIU/ml) in subjects from the pre-to post-challenge time-point.
Assessment of hepatitis markers. One subject, who acquired HBV infection at birth, did not respond to the primary vaccination course and maintained a chronic state throughout the long-term follow-up period. None of the other subjects reported clinical symptoms of HBV infection during the 20-y follow-up. Over the 20-y follow-up period, ten subjects were identified with probable sub-clinical HBV breakthrough infection, and falsepositive results were observed in eight subjects.
Safety. No unsolicited adverse events were reported within the 31-d follow-up period post-challenge dose at year 20. No serious adverse events (SAEs) and pregnancies were reported during the challenge-phase of the study (NCT00657657).
Discussion
The present study consisted of a homogeneous cohort of infants born to mothers who were positive for HBsAg and HBeAg antigens. Although, results of vaccinating infants born to HBsAg/ HBeAg positive mothers with hepatitis B vaccine have been published previously, 9 the present study also focused on subjects who received a birth dose of hepatitis B immunoglobulin (HBIg) concomitantly with four doses of hepatitis B vaccine, with no booster dose. This study on high-risk infants demonstrated that review of results of individual subjects indicated that none of the subjects with subclinical breakthrough HBV infection had clinical symptoms of HBV disease.
Although this study demonstrates the immune memory 20 y following vaccination with HBV vaccine, the demographics and immune response of the subjects at year 20 were not compared with the original cohort and their immune response at month 7 or 12. Consequently, bias in reporting of responders is acknowledged as a limitation of this study. Another shortcoming of this study was the low sample size (n = 25) which limited the generalizability of the results. In addition, the factors associated with the persistence of immune response and memory such as gender, body mass index, age or other underlying chronic conditions have not been studied as the sample size was not powered to produce clinically significant results and this would require further investigations.
In conclusion, this 20-y follow-up study has demonstrated the persistence of anti-HBs antibodies and immune memory for two decades following four-dose vaccination schedule. Given the high risk (70% to 90%) of chronic infection in Thai children due to the carrier state of their mothers, 11 administration of hepatitis B vaccine may help in mitigating the risk of infection.
Materials and Methods
Study design and subjects.
In an open primary study on hepatitis B vaccine conducted between June 1987 and May 1988 at Chulalongkorn University and Hospital, Bangkok, Thailand, healthy newborns received four doses of hepatitis B vaccine (10 μg recombinant HBsAg; Engerix-B™; GlaxoSmithKline Vaccines) intramuscularly in the deltoid or anterolateral thigh region. All infants received a single dose of HBIg concomitantly later on in life, consequently does not contribute to the long-term persistence of the antibodies. 9 The effectiveness of hepatitis B vaccination in preventing chronic infections, years after primary vaccination, has been demonstrated in other studies. 18, 19 Although the declining of circulating antibody levels might be interpreted as waning of protection conferred by the hepatitis B vaccine, an anamnestic response to HBV vaccine challenge dose, as observed in the present study, indicated the persistence of immune memory. 20, 21 The specific immunity to HBsAg outlasts the presence of vaccine-induced antibodies. 22 In the current scenario, neither measurement of anti-HBs concentrations nor booster dose(s) are recommended for individuals who received the hepatitis B vaccine primary series during infancy. 23 Primary vaccination also induced strong immune memory as evidenced by the anamnestic response to the year 20 challenge dose observed in all (96.6%) except one subject (originally a low responder). These results are in line with the previous study on similar population. 8, 9 As observed in previous studies in infants in Thailand, none of the subjects in this study reported clinical symptoms of HBV infection during the 20-y follow-up period.
9,11 Among the ten subjects with possible sub clinical breakthrough HBV infection, five subjects seroconverted for antibody to hepatitis B core antigen (anti-HBc) antibodies, and the remaining five subjects were HBV (HBsAg or HBV DNA or HBeAg) positive. Previous studies conducted in Alaska (3 doses and 16-y follow-up) 24 and Gambia (3 doses and 15-y follow-up) 25 report 1.8% and 10.1% of subjects positive for anti-HBc, respectively. In addition, 0.9% and 0.7% were positive for HBV DNA and HBsAg, respectively. 24, 25 The present study demonstrated that Thai children are at high risk of exposure to HBV due to the HBV endemicity. However, Figure 2 . Study design. this paper will not present the data on subjects boosted at Year-5 for long-term persistence since number of subjects in this group were low (n = 2), and these results do not provide any clinically relevant information. N, number of subjects in the Lt-Atp cohort; N*, number of subjects in the Atp cohort for the challenge phase.
markers negative at consecutive time-points. Subclinical breakthrough HBV infection was defined as one or more HBV markers positive in one or more consecutive samples, excluding conditions for chronic HBV infection and false-positive result, without any reported clinical symptoms of hepatitis. New HBV infections were defined as detection of two or more positive markers in the same sample with no other positive markers at consecutive time-points. Chronic infections were defined as HBsAg positive and anti-HBc positive at more than two consecutive time-points.
Safety assessment. Safety assessment of the challenge dose at year 20 included reporting of unsolicited adverse events within 30 d following vaccination, and pregnancies and SAEs during the entire study period.
Statistical analyses. The GMC calculation for immunogenicity analyses was performed by taking the anti-log of the mean of the log antibody transformations.
The long-term follow-up phase included infants vaccinated with hepatitis B vaccine and who concomitantly received HBIg at first dose stage up to collection of blood samples at year 20. The challenge phase included collection of blood samples prior to and 1-mo post-challenge dose administration.
The LT-ATP cohort for immunogenicity included subjects who were a part of the ATP cohort for immunogenicity during the primary study at year 1, had serology results for year 20 blood-sampling time-point, had normal serology evolution and were compliant with vaccination and blood-sampling schedules and did not receive any vaccination other than study vaccine.
ATP cohort for immunogenicity for the challenge phase at year 20 included all subjects from year 1, who met all eligibility criteria, complied with the study procedures, did not dropout during the study, had data concerning immunogenicity endpoint measured at post-challenge time-point and had anti-HBs concentration < 100 mIU/ml prior to the challenge dose.
For the long-term follow-up study, at year 20, the percentage of subjects with anti-HBs antibody concentrations ≥ 3.3 mIU/ml, ≥ 10 mIU/ml and anti-HBs geometric mean concentrations (GMCs) at each time-point were tabulated with 95% CI. The analysis was performed on the LT-ATP cohort for immunogenicity.
For the challenge phase, the percentage of subjects with antiHBs antibody concentrations ≥ 3.3 mIU/ml, ≥ 10 mIU/ml, ≥ 100 mIU/ml and anti-HBs GMCs were evaluated with 95% CI. The analysis was performed on the ATP cohort for immunogenicity.
The percentage of subjects with an anamnestic response to hepatitis B vaccine challenge dose was evaluated with 95% CI. Anamnestic response was defined as anti-HBs antibody concentration ≥ 10 mIU/ml one month post-challenge dose as compared with pre-challenge anti-HBs concentration for seronegative subjects (subjects with anti-HBs concentration < 3.3 mIU/ml), and at least a 4-fold increase in anti-HBs concentration post-challenge dose as compared with pre-challenge anti-HBs concentration for seropositive subjects (subjects with anti-HBs concentration ≥ 3.3 mIU/ml).
Safety analysis was performed on the total vaccinated cohort (TVC). The TVC included subjects who received hepatitis B challenge dose. at the opposite arm or thigh at birth. The study design is illustrated in the Figure 2 . The number of subjects who were boosted at year 5 and returned for blood sampling at this time point were low (n = 2). Therefore, this paper will not present the 20-y persistence data on these subjects as no comparative conclusions could be made.
All subjects who participated in the primary vaccination study were invited to return for yearly blood sampling for 20 y to assess the long-term persistence of anti-HBs antibodies and other hepatitis markers (100449/NCT00240539). Subjects who had antiHBs antibody concentrations < 100 mIU/ml at the last available follow-up time-point (year 19 or before) were offered a HBV vaccine challenge dose at year 20 (110071/NCT00657657). The upper limit of 100 mIU/ml was chosen to eliminate subjects who may have received unreported additional vaccine doses or had demonstrated a natural booster response following exposure to HBV. Subjects were not offered the challenge dose if they had received investigational or non-registered medication or immunosuppressants during the conduct of the study or booster dose of hepatitis B vaccine outside the study context.
Written informed consent was obtained from each subject before conducting any study-related procedure. The study was approved by the Institutional Review Board of the Faculty of Medicine, Chulalongkorn University (Bangkok, Thailand), and was conducted according to Good Clinical Practice, the Declaration of Helsinki and local rules and regulations of Thailand.
Immunogenicity assessment. Blood samples were collected at yearly time-points up to year 20 to assess anti-HBs antibody concentrations and serological markers of hepatitis B infections (HBsAg, anti-HBs antibodies and anti-HBc antibodies) and at one month post-challenge time-point to assess the immune memory in the form of an anamnestic response. From the commencement of primary vaccination until year 12 follow-up, antiHBs antibodies were measured using a radioimmunoassay (RIA) (AUSAB RIA, Abbott Laboratories) with an assay cut-off of 1.0 mIU/ml. From year 13 until year 17, antibodies were measured using Enzyme-linked Immunoassay (EIA) (AUSAB EIA, Abbott Laboratories). Samples collected from year 18 until year 20 were tested using an in-house validated EIA. The cut-off for the commercial and in-house EIA was 3.3 mIU/ml.
Assessment of hepatitis markers. Anti-HBc antibody concentrations were measured using a RIA method until year 12 (Corab, Abbott Laboratories) and an EIA from year 13 onwards (AxSYM CORE/HBe, Abbott Laboratories). Anti-HBe antibody concentrations were measured using a microparticle Enzyme Immuno Assay (MEIA) from year 16 onwards (AxSYM, Abbott Laboratories). HBsAg concentration was determined using a RIA method until year 12 (AusRIA, Abbott Laboratories) and an EIA method (AxSYM/HBsAg, Abbott Laboratories) from year 13 onwards. The presence of HBV DNA was detected using inhouse validated Polymerase Chain Reaction (PCR) and Cobas ® Monitor methodologies 26 at Centre for Vaccinology, Ghent University and Hospital laboratories.
False positive was defined as single marker of HBV infection (HBsAg, HBeAg and anti-HBc), positive in one sample and negative for all other markers in the same sample and other HBV
